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ABSTRACT 

We have discovered a highly significant over-density of galaxies at z — 2.300 ± 0.015 in the course of a 
rcdshift survey designed to select star-forming galaxies in the redshift range z = 2.3±0.4 in the field 
of the bright z = 2.72 QSO HS1700+643. The structure has a redshift-space galaxy over-density of 
Sg 2i 7 and an estimated matter over-density in real space of 5 m — 1-8, indicating that it will virialize 
by z ~ with a mass scale of ~ 1.4 x 10 15 M Q , that of a rich galaxy cluster. Detailed modeling of the 
spectral energy distribution- from the rest-far-UV to the rest-near-IR - of the 72 spectroscopically 
confirmed galaxies in this field for which we have obtained K s and Spitzer/IRAC photometry, allows 
for a first direct comparison of galaxy properties as a function of large-scale environment at high 
redshift. We find that galaxies in the proto-cluster environment have mean stellar masses and inferred 
ages that are ~ 2 times larger (at z — 2.30) than identically UV-selected galaxies outside of the 
structure, and show that this is consistent with simple theoretical expectations for the acceleration 
of structure formation in a region that is over-dense on large scales by the observed amount. The 
proto-cluster environment contains a significant number of galaxies that already appear old, with large 
stellar masses (> 10 11 M Q ), by z = 2.3. 

Subject headings: cosmology: observations — galaxies: evolution — galaxies: high-redshift — galaxies: 
clusters 



1. INTRODUCTION 

The process of galaxy formation is almost univer- 
sally acknowledged to be dependent on large-scale en- 
vironment, with the regions of the universe that are 
most dense on large scales expected to be the sites of 
the earliest galaxy formation. In the present-day uni- 
verse, regions that were over-dense on ~ 10 Mpc scales 
at high redshift have virialized to become rich galaxy 
clusters, harboring much more than their fair share 
of galaxies with the largest stellar masses and (appar- 
ently) the oldest luminosity- weighted stellar ages (e.g., 
iHogg et al.l 12003^1 . M easurements of galax y clustering 
statistics at low (e.g., iBudavari et al]l2003ft . intermedi- 

1 Based, in part, on data obtained at the W.M. Keck Observa- 
tory, which is operated as a scientific partnership among the Cal- 
ifornia Institute of Technology, the University of California, and 
NASA, and was made possible by the generous financial support 
of the W.M. Keck Foundation. Also based on data obtained during 
the in-orbit check-out of the Spitzer Space Telescope. 
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( e.g.. iCoil et alJl20f)l and hig h (e.g., iDaddi et alJ 
l lAdelberger et alJl2004al l2005|i redshift all indicate 



highly significant differences in clustering amplitude as 
a function of galaxy color and/or rest-frame optical lu- 
minosity, in the sense that redder (older) and more op- 
tically luminous (larger stellar mass) galaxies are more 
strongly clustered. There has been a vast literature 
over the past ~ 30 years focused on the properties of 
early type galaxies, both in clusters fe.g.. iFaberl 1973 ; 

u 



Bower et al.lll992l lEllis et al.lll997t iStanford et al 



1998; 



van Dokkum et alJl200lHHolden et alJl2004l) at low and 

intermediate redshifts and in the "field" (e.g.j Treu el; all 
fl999t iKochanek etafl l2000l Ivan Dokkum et all 120031. 

attempting to establish the formation epochs of these 
galaxies and t he differences, if any , as a function of envi- 
ronment fe.g.. lThomas et alJ2005b . Virtually all of these 
studies find that early type galaxies must have formed 
most of their stars early (z > 2) and that they have 
evolved largely passively since that time. There is less 
agreement about the extent to which the galaxies' history 
depends on environment, and what low or intermediate 
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redshift results imply about the scatter in ages within 
clusters or the difference between clusters and lower den- 
sity environments. One of the issues that undoubtedly 
clouds the debate is what constitutes an "early-type" 
galaxy or even a "cluster" . Most of the galaxies studied 
have been selected to have the morphological appearance 
of early type galaxies, possibly leading to different sub- 
sets of galaxies bein g selected at different epo chs (called 
"progenitor bias" bv lvan Dokkum et al.ll2000|) . 

Very recently, considerable attention has been di- 
rected to photometric and spectroscopic surveys of 
galaxies at high redshifts (z ^ 2) that are bright 
and /or red at r e st-frame optical wavelengths (e.g., 
[ Franx et all l2003t lAbraham et all 120041: iCimatti et all 
12004 iMcCarthv et alJl2004jT as might be expected for 
passively evolving galaxies at high redshifts. A general 
conclusion seems to be that passively evolving galaxies 
with large stellar masses (M* > 10 11 M Q ) are present out 
to z ~ 2 with a number density roughly similar to that 
observed locally. The inferred star formation histories for 
these galaxies imply that most of the stars formed prior 
to z ~ 3, in good agreement with inferences based on the 
evolution in t he fundamental pla ne of cluster ellipticals 
to z ^ 1 (e.g., Holdcn et al. 2004). However, the number 
of spectroscopically identified massive galaxies in these 
new spectroscopic surveys is far too small to establish 
their large-scale context. 

At present, the only spectroscopic samples of galaxies 
at z ~ 2 that are large enough for a direct compari- 
son of galaxy properties as a function of environment 
are those that are selecte d by color in the rest-UV (e.g., 
iSteidel et al J 120031 12004() . Obviously, such samples de- 
pend on galaxies having enough current (relatively un- 
obscured) star formation to be identified as a candidate 
for spectroscopy, which will produce a bias against both 
passively evolving z > 2 gala xies and galaxies t hat are 
heavily reddened by dust (cf. IDaddi et al]l2004)h How- 
ever, the rest-UV-selected surveys do turn up substantial 
numbers of galaxies with > 10 11 M whose physical 
properties are plausibly consistent w ith those observed in 
the rest-optically selected su r veys (IShaplev et all 120041 
l2005t lAdelberger et alJl200l . lAdelberger et all (120044 
have argued, based on their number density and cluster- 
ing properties, that the galaxies present in the spectro- 
scopic UV-selected samples at z ~ 2 — 3 are likely to be 
the general progenitors of what would be called "red" 
galaxies at z ~ 1 and "early- type" galaxies by z ~ 0.2, 
independent of environment. Moreover, the surveys are 
tuned to be sensitive to star-forming galaxies during the 
epoch when the bulk of star formation in massive early- 
type cluster galaxies is inferred to have occurred. With 
the advent of the Spitzer Space Telescope and its capa- 
bility of obtaining high-quality photometry in the rest- 
frame near-IR at z ^2 — 3 using the IRAC instrument 
l|Fazio et alJl2004fl . it is now possible to obtain relatively 
reliable measures of stellar population parameters, par- 
ticularly stellar masses, when combined with information 
available from large ground-based telescopes. 

In this paper, we analyze results from a spectro- 
scopic survey in which we have discovered a signifi- 
cant redshift-space over-density of galaxies at z = 2.30. 
While the characterization of galaxy over-densities at 
high redshift is bein g pursued using si milar spectro- 
scopic samples (e.g., ISteidel et aD 11998) and through 



targeted observations of likely proto-clust er regions 
marked by high redshift rad io galaxies (e.g.. iKurk et alJ 
120001 fVe nemans et al|2003) or multiple sub-mm-selected 
galaxies (Blai n et al.ll2004(K the combination of spectro- 
scopic and photometric data available in the field of QSO 
HS1700+643 (notably, the availability of Spitzer data) 
provides an unprecedented view of the properties of both 
the proto-cluster galaxies and their larger-scale context 
at high redshift: because the selection function of our 
spectroscopic sample is broad and is roughly centered 
on the redshift of the over-density, we are able to di- 
rectly compare the overall properties of similarly-selected 
galaxies within and outside of a structure that (we argue) 
will become a rich galaxy cluster by the present epoch. 
The relative insensitivity of our rest-UV selection crite- 
ria to stellar mass or star formation age offers a distinct 
advantage in this case: the spectroscopic sample, cover- 
ing the redshift range 2.29 ± 0.32 (mean and standard 
deviation) in the HS1700+643 field, offers a relatively 
unbiased view of the progress of galaxy evolution within 
and outside of the large structure. We s how, using the 
result s of detailed modeling presented in IShaplev et alJ 
(2005), that there are already clear differences in the 
progress of galaxy evolution between the proto-cluster 
and "field" environment at z ~ 2.3, when the Universe 
was 2.8 Gyr old. Large scale environment, and not red- 
shift, is likely to be the primary factor determining the 
maturity of massive galaxies in the distant universe. 

We assume a cosmology with Sl m = 0.3, Oa = 0.7, and 
h = 0.7 throughout. 

2. OBSERVATIONS AND THE GALAXY SAMPLE 

The spectroscopic observations in the HS1700+643 
field were obtained as part of a survey designed to si- 
multaneously explore both star-forming galaxies at z ~ 
2 — 2.5 and the interaction between the galaxies and 
the intergalactic medium (IGM) in the same volumes of 
space. The initial results of t he general z ~ 2 sp ectro- 
scopic survey are described bv ISteidel et al.1 l)2004j) . and 
the full results of the sub-sample in the HS1700 field, 
including a description o f all of the photome tric obser- 
vations, are presented bv IShaplev et alJ 1)20051) . Because 
the redshift of HS1700+643 is zq = 2.72, we used opti- 
cal photometric criteria that would sample galaxies with 
Zg a i ~2 — 2. 75, i.e., foreground to the QSO: thus we used 
a comb ination of the "BX" criteria of Adclb ereer et alJ 
(I20041D (z = 2.20 ± 0.32) and the "MD" criteria of 
ISteidel et all |2003) {z = 2.73 ± 0.27). Accounting for 
the 4.5:1 ratio in the number of spectroscopically identi- 
fied BX and MD candidates to 1Z — 25.5 (the actual ra- 
tio of photometric candidates is 6:1 to the same apparent 
magnitude limit), the expected redshift distribution for a 
random spectroscopic sample would be (z) = 2.26 ±0.35, 
based on the overall observed redshift selection functions 
of BX and MD candidates in all survey fields. A total of 
100 spectroscopic redshifts in the range 1.48 < z < 2.89 
has been obtained in this field to date, with the red- 
shift distribution (shown in figure^ of (z) — 2.28 ±0.32 
(mean and standard deviation), entirely consistent with 
the expectations based on the overall redshift selection 
functions of the BX/MD candidates. The distribution 
of observed galaxies on the plane of the sky is strongly 
concentrated within ^4 — 5 arcmin of the line of sight 
to HS1700±64, as shown in figure^ largely dictated by 



3 



- 






- 


- 






J 


■ 




fliJ 


111 







) — 1 — ■ ■ ■ ■ ■ — 1 

1.5 2 2.5 3 

Redshift 



Fig. 1. — Redshift histogram for spectroscopically identified 
galaxies in the HS1700+643 field. The blue (background) his- 
togram shows the redshift distribution for the fOO spectroscopic 
redshifts in the field; the red (foreground) histogram shows the red- 
shift distribution of the 72 objects with IRAC measurements. The 
light shaded curve in the background shows the expected redshift 
distribution of a sample of 72 objects selected from a combination 
of "BX" and "MD" candidates, in the observed ratio of ~ 4.5 : 1. 



geometric constraints of the LRIS slitmasks used for the 
spectroscopic observations given our emphasis on galax- 
ies near the QSO sightline. 

The galaxies with spectroscopic redshifts represent a 
very small fraction of the photometric candidates in the 
field, which total 1711 BX+MD objects to K = 25.5 over 
the full 15' by 15' field. Within the region of the field 
that has also been observed in the K s band (figure[5J|, the 
fraction of candidates with spectroscopic identifications 
is - 19% (98/508, of which 84 have z > 1.4 4 and the frac- 
tion of -ftf s -detected candidates with redshifts is ~ 24% 
(92/389, of which 79 have z > 1.4). Because the remain- 
der of the discussion of the galaxies in the field depends 
on the longer wavelength K s and IRAC data, hereinafter 
we focus only on the sample of 72 z > 1.4 galaxies with 
spectroscopic redshifts that are a lso detected in both K s 
and at least one IRAC band (see iShanlev et all |2005)). 
The redshift distribution for this sub-sample is shown in 
figure \\\a,s the red histogram in the foreground. It is im- 
portant to note that the galaxies were chosen for spectro- 
scopic observation without regard to anything but posi- 
tion relative to the QSO sightline and optical magnitudes 
and colors. Also shown in figure Q is the redshift distri- 
bution expected for a sample of 72 galaxies drawn from 
a BX+MD-selected sample with the observed BX/MD 
ratio. This distribution, which is that expected in the 
absence of clustering, will be used to evaluate the signif- 

4 Within the same region, a total of 162 objects was observed 
spectroscopically, so that 60.5% of objects attempted yielded red- 
shifts. This fraction is very close to the overall fraction of "BX" 
candidates t hat y ield redshi fts in the full spectroscopic sample. As 
discussed by Stcidcl ct al. (2004), failures to measure redshifts re- 
sult from inadequate S/N after 90 minutes of integration (often 
dominated by masks observed under marginal conditions). Deeper 
spectroscopic observations show that the initial failures have the 
same redshift distribution as those that are successful on a first 
pass. 
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Fig. 2. — A map on the plane of the sky of galaxies with 
redshifts shown in figure The coordinates are arcmin relative to 
the position of the background QSO HS1700+643, and the (red) 
square represents the approximate region covered by the ground- 
based Ks band images, most of which is also covered by the IRAC 
images (see figure 1 of Shaplcv ct al. (2005)). Galaxies with z = 
2.300±0.015 are indicated with open (blue) boxes. The distribution 
of spectroscopically observed galaxies is highly non-uniform due to 
the slitmask geometry of LRIS; within the region bounded by the 
8.5 arcmin square, 24% of the galaxies that satisfy the BX/MD 
color criteria and are detected in the K s band to K s ~ 22.0 (Vega) 
have spectroscopic IDs. 

icance of the over-density in 

All of the photometric measurements and inferred stel- 
lar population parameters for the 72 galaxies in the sam- 
ple are taken directly from 'Shaolev et all l)2005t) . 

3. RESULTS 
3.1. Quantifying the Over-density 

As shown in figure^ there is an obvious galaxy concen- 
tration at z ~ 2.30 in the HS1700+64 field, evident both 
in the subset of galaxies in the K S /IRAC observed region 
of the field and in the larger optical field. We estimate 
the significance of the spike using the method described 
in Steidel et al. (1998). Briefly, we consider every pair 
of galaxies in turn, calculate the redshift difference be- 
tween them and count the number of additional galaxies 
whose redshifts lie between the redshifts of the pair. Re- 
gions where a large number of galaxies appear in a small 
redshift interval are identified as possible clusters. The 
stre ngth of each cluste r is quantified with a statistic, £ 
(see lSteidel et al.lll998|) . We then focus our attention on 
the cluster candidate with the smallest value of ( (i.e., 
with redshifts that are most inconsistent with a random 
distribution), and calculate the significance of the clus- 
ter by analyzing numerous randomized galaxy catalogs 
in the same way and counting how frequently a value of 
£ so small (or smaller) appears. 

This approach isolates the region between z = 2.285 
and z = 2.315 (i.e., z — 2.30 ± 0.015) as the most sig- 
nificant over-density in our data, containing 17 galaxies 
within the region observed with IRAC. Over-densities 
with smaller values of ( occurred in only 28 of 50000 
randomized catalogs, so we conclude with much greater 
than 99% confidence that this spike is inconsistent with 
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Fig. 3. — The inferred age for constant star formation (CSF) models (left) and stellar mass (right) versus redshift for the 72 galaxies 
in the sample. Note that, on average, objects within the structure at z = 2.300 ± 0.015 are evidently both older and more massive than 
galaxies outside of it. The dotted line in the left-hand panel indicates age as a function of redshift for a galaxy which began forming stars 
at z = 3.0. 



a random distribution of galaxy redshifts. The shape 
of our selection function, also shown in figure ^ implies 
that we should expect an average of roughly 1.9 galax- 
ies in this redshift interval. Our observed number, 17, 
therefore corresponds to a galaxy over-density in redshift 
space of 5g ~ 6.9±2.1 if we assume Poisson uncertainties 
and neglect the two galaxies whose redshifts defined the 
cluster boundary (Steidel et al. 1998). 

3.2. Environmental Dependence of Galaxy Properties 

Shapley et al. (2005) present the full population syn- 
thesis modeling of the broad-band spectral energy distri- 
butions from rest-frame far-UV to the rest-frame near-IR 
for the full sample of 72 galaxies considered here, re- 
sulting in the most robust measurements of stellar pop- 
ulation parameters to date for star-forming galaxies at 
z 2. Using these results, we search for possible differ- 
ences in the galaxy properties within and outside of the 
identified over-density. Figure 01 shows the inferred stel- 
lar masses and ages for the 72 gal axies in our sample a s 
a function of redshift, taken from lShaplev et ahl ([2005) . 
The inferred ages of galaxies within the "spike" clearly 
stand out above the rest, with a much larger proportion 
of old ages compared to those outside the over-density. 
For constant star formation (CSF) models, the average 
galaxy age within the spike is 1400 ± 180 Myr, compared 
to 720 ± 103 Myr in the "field" 5 , which if taken liter- 
ally implies average "formation" redshifts of Zf = 4.3 
and Zf — 3.0, respectively. A 2-sample Kolmogorov- 
Smirnov test on the CSF model ages yields a probabil- 
ity of only 1 x 10~ 4 that the age distributions are the 
same inside and outside of the "s pike" . As discussed ex- 
tensively in IShanlev et al.l l|2005|) in the context of the 
current galaxy sample, the luminosity-weighted age is 

5 By "field" we mean simply the 55 galaxies in the spectroscopic 
sample that lie outside of the redshift range z = 2.300 ± 0.015 
containing the "spike". 



not a quantity which is well-determined from population 
synthesis models, particularly for star-forming galaxies 
when the "current" star formation rate is high compared 
to the past average. It is generally possible to make the 
inferred age of a galaxy significantly younger by assum- 
ing an exponentially declining star formation rate with 
an e-folding time r. For the best-fit r model applied to 
each galaxy in the sample, the average galaxy ages are 
790 ± 180 Myr inside the spike and 440 ± 90 Myr out- 
side, and the K-S test returns a probability of 7.3 x 10~ 3 
that the age distributions are the same. Thus, while the 
true star formation histories of the galaxies both within 
and outside of the over-density are almost certainly more 
complicated than the assumed mod els, and the ages of in - 
dividual galaxies remain uncertain ijShaplev et all 2005). 
there is a clear difference in the age-sensitive spectral sig- 
natures between the two sub-samples in the sense that 
proto-cluster galaxies are significantly older. 

The differences in age are accompanied by significant 
differences in stellar mass, which are much less depen- 
dent on the assumed star formation histories (right-hand 
panel of figure|3Jl 6 with the bluest galaxies Both the CSF 
and r fits imply that galaxies inside the spike have mean 
stellar masses roughly twice as large as those outside. A 
2-sample K-S test rules out a similar stellar mass distri- 
bution at the ~ 2% level. In contrast, as we will shortly 
show, the total masses of galaxies inside and outside the 

6 As discussed extensively in lShaplev et al H2005T) . there remains 
the possibility of systematic underestimates of total stellar mass 
whose maximum amplitude depends on the observed galaxy color 
(under-estimates could be larger for bluer galaxies). In principle it 
is possible that the stellar masses are comparable inside and outside 
the over-density, but the observed differences instead reflect the 
level of dominance of the current episode of star formation over the 
integral of past star formation. However, since the UV luminosities 
and inferred star formation rates are similar inside and outside the 
"spike" , this interpretation would require more extreme differences 
in star formation history than the more plausible scenario that 
both the stellar masses and ages differ. 
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spike should be roughly the same. We can therefore 
conclude that galaxies inside the spike have converted 
a much larger fraction of their baryons into stars than 
have those outside, presumably because they have had 
more time to do so. A naive interpretation of figure 
suggests that a typical "field" galaxy will reach the same 
level of maturity at z ~ 1.5 that has been attained by a 
proto-cluster galaxy at z ~ 2.3. 

3.3. Theoretical Expectations 

A generic expectation of popular galaxy formation 
models is that galaxies inside large-scale over-densities 
should be older than those outside, since galaxy-scale 
matter fluctuations inside the over-densities are sitting 
on a large-scale pedestal and can more easily cross the 
threshold S c = 1-69 for collapse. The theoretically ex- 
pected difference in galaxy ages can be crudely estimated 
as follows. Given the estimate b ~ 2.1 (Adelberger et 
al. 2004) for t he galaxy bias in the BX sample, we use 
the approach of lSteidel et al.1 l|1998D to estimate the true 
mass over-density 5 m . This quantity is related to the 
observed redshift-space over-density 6* through the ex- 
pression 1 + bS m = \C\ (1 + Sg), where \C\ = V a pp/V tr ue 
is an estimate of the effects of redshift-space distortions 
caused by peculiar velocities, which is itself a function of 
both 6 m and z. In the present case, V app ~ 7200 Mpc 3 
is the co-moving volume in which the measurement is 
being made, bounded by the 8' 5 by 8' 5 region on the 
plane of the sky and the co-moving distance, neglecting 
peculiar velocities, between z = 2.285 and z — 2.315. A 
crude approximation for the volume correction factor (see 
ISt eidel el mIJ ITTiDm is given by C = 1 + / - /(l + <5m) 1/3 
where / = fl m (z)°- 6 , which we take to be / = 0.96 at 
z ~ 2.3. From these equations, one obtains 5 m ~ 1.8 
for Sg = 6.9, and C — 0.61. To evaluate the linear over- 
density relevant to the rest of the discussio n, we use the 
appro ximation for spherical collapse from IMo & W hite 
(1996) (their equation 18), which for 5 m = 1.8 gives 
5l — 0.8 as the linear matter over-density in real space 
of the z = 2.300 spike. 

If we imagine, for simplicity, that star formation be- 
gins at initial virialization, the t s f ~ 800 Myr inferred 
age for field ga laxies at zp = 23 (fo r constant star for- 
mation models: IShaplev et al.1 ((2005)) implies that their 
typical virialization redshift was Zf = 3.1. These galaxies 
therefore have a linear over-density at redshift zq = 2.3 of 
Sq ~ [(l + Zf)/(l + z )]S c ~ 2.1. The same galaxies would 
have linear over-densities of Sq + 5l ~ 2.9 if they were 
within the spike. This corresponds to a virialization red- 
shift Zf for spike galaxies of (1 + Zf)/(1 + zq) = 2.9/5 c , or 
Zf = 4.7. The implied typical age of spike galaxies would 
be expected to be ~ 1600 Myr, or roughly twice the age 
of field galaxies. If the typical age of field galaxies is half 
as large, i.e., t s f — 400 Myr, the same arguments imply 
an age for spike galaxies of ~ 1400 Myr. We would there- 
fore expect galaxies within the spike to be roughly 2-3 
times older than those outside. As discussed above, the 
data support these naive expectations. 

Our claim above that the total masses of the galax- 
ies should be similar within and outside the over-density 
follows from the extended Press-Schechter formalism. If 
N(M\8 m ) represents the Press-Schechter mass function 
in a large region with (Eulerian) over-density 8 rn , then 



N(M\5 m ) is related to the standard Press-Schechter mass 
function N(M\0) via 



N(M\S m ) = N(M\0) 



1 



1 



1 



(1) 



where S c ~ 1.69, v = S c /cr(M), and a(M) is the r.m.s. 
fluctuation when the linear density field is smoothed on 
mass-scale M (e.g., IMo fc White! 119961 see their equa- 
tions 19 and 20). If we assume that the galaxies in 
our survey are assoc iated with halos with d ark mass 
Afthrcsh > 10 12 M Q (| Adelberger et all l2004al) . the ex- 
pected mean halo mass inside and outside the spike differ 
by only ~ 16% for S m ~ 1.8. 

3.4. The Fate of the Spike 

We turn now to the question of what the spike will 
have become by redshift z ~ 0. Evolved forward in an 
fiju = 0.3, Qa = 0.7 cosmology, its linear over-density of 
5l ~ 0.8 at z = 2.3 corresponds to a linear over-density 
of(5i~2atz = 0. Since this exceeds the collapse 
threshold 5 C = 1.69, we expect the spike to have virial- 
ized by z = 0. The mass of th e virialized ob j ect is easy 
to calculate. The approach of lSteidel et alJ l)1998|) im- 
plies that the spike is associated with an Eulerian mat- 
ter over-density of S m ~ 1.8 at z = 2.3, so its mass 
is (1 + 8 m )pVtrue ~ 1.4 x 10 15 Af Q where p is the mean 
co- moving matter density and V true ~ 12000 Mpc 3 is ap- 
proximately the volume within the observed over-density, 
corrected for the effects of peculiar velocities using the 
factor C from above. We conclude that the spike is likely 
to evolve into a relatively massive cluster by z ~ 0. Our 
observations therefore imply that at least some clusters 
already contained old galaxies with large stellar masses 
by z ~ 2.3, in good agreement with inferences based on 
studies of cluster ellipticals at zero-to-moderate redshifts. 

3.5. Proto-Cluster Completeness 

Our census of galaxies within the proto-cluster is far 
from complete. Because the spectroscopic completeness 
of BX/MD galaxy candidates detected to K s ~ 22 is only 
~ 24% within the ~ 70 arcmin 2 region considered here, 
and the galaxies in the spectroscopic sample have been 
observed without regard to their near-IR properties, we 
expect that the total number of "spike" galaxies with 
properties similar to those observed and within the same 
solid angle is <L 70. It is difficult to estimate the number 
of galaxies that are within the "spike" but not selected 
by our rest-UV color criteria; crude estimates of the com- 
pleteness with respect to all relatively massive galaxies 
present at z £ 2 suggest that there could be another fac- 
tor of ^ 2 in galaxies that have similar masses to the 
ones that are selected (jShaplev et alJl2005t iReddv et alJ 
|2005|) . Redshift estimates based on photometry, even 
when the IRAC bands are included, are too uncertain 
(a z ~ 0.3) to assign galaxies to a particular structure in 
redshift space, and spectroscopy will be difficult or im- 
possible for galaxies with no current star formation at 
z ~ 2.3 using current-generation telescopes and instru- 
ments. It is possible that there could be a significant 
number of massive but quiescent red galaxies associated 
with the "spike" that would make the differences between 
the proto-cluster and "field" environments still more sig- 
nificant at z ~ 2.300. 
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The angular scale of the observed field was set (rather 
arbitrarily) by the size of the available field with the 
WIRC ncar-IR imager and LRIS. As shown in figure |2 
the "spike" objects are not obviously distributed differ- 
ently on the plane of the sky than the "field" objects-a 
2-D, 2-sample K-S test gives a probability of 17% that 
the proto-cluster and "field" galaxy sky distributions are 
the same. There is no evidence that the observed re- 
gion has included the whole structure, or even that it 
is roughly centered on the structure, although the an- 
gular extent of the observed field (corresponding to a 
co-moving transverse scale of ~ 14 Mpc at z — 2.300) is 
roughly the co-moving scale expected for a proto-cluster. 
The current observational situation for the HS1700+64 
z = 2.300 over-density is similar to earlier o bservations of 
the z = 3.09 structure in the SSA22 field ijSteidel et all 
119981 12000|) . where the field size for the initial discov- 
ery was also ~ 9' and where a similar redshift-space 
over-density in both LBGs and Lyman a emitters was 
found. Subsequent analysis of na rrow-band Lyman a irn- 
ages over a much larger field by Havashi no et alJ (2004) 
has shown that the initial SSA22 pointing was indeed 
the densest proto-cluster-sized sub-region within a large- 
scale structure extending over a ~ 60 Mpc co-moving 
scale. 

The z = 2.300 structure, which (as for the higher- 
rcdshift SSA22 example) was discovered serendipitously 
within a redshift survey, might also be compared to more 
"pointed" observations surrounding high-redshift radio 
galaxies. Perhaps most comparable is PKS 1138—262 
(z = 2.16), which has been studied usi ng narrow- 
band Lyman a imaging an d spectroscopy l|Kurk et alJ 
120001 IPe ntericci et al J 1200711) . narrow-band Ha imaging 
(Kurk et al.ll20 Q4at). a nd broad-band near-IR photome- 
trv l)KurketaLll2004b|) . While a considerable number of 
objects associated with the radio galaxy have been iden- 
tified, the pointed nature of the observations makes an 
evaluatio n of the sign i ficance of the numbers difficult to 
evaluate; iKurk et all (j2004bfl estimate the over-density 
of Lyman a emitters in redshift space to be somewhat 
smaller than t hat fo und in the SSA22 field at z = 3.09 by 
ISteidel et alJ ll200Ch . 5* g ~ 4.4 evaluated over a somewhat 
smaller field but a very similar redshift range. An eval- 
uation of the implied mass scale of the 1138—262 struc- 
ture 7 , calculated in a manner consistent with that used 
above for the z = 2.300 HS1700+64 proto-cluster, yields 
Af tot - 6 x 10 14 Mq for the PKS 1138-262 structure, 
with an associated linear matter over-density of Sl — 0.6. 

To date, the z — 3.09 structure in SSA22 and the 
z = 2.30 structure in the HS1700+643 field are the most 
statistically significant cluster-scale over-densities known 
at redshifts z }t 1.5. While the implied over-densities 
may be somewhat larger than in the radio galaxy fields, 
the real difference is that identification of the structures 
within a controlled redshift survey provides a more direct 
means of measuring the redshift-space over-density and 
estimating the true matter over-density. These quantities 
require knowledge of both the mean density of objects 
that are being used as a "tracer" , and their bias with re- 
spect to matter fluctuations. The more general surveys 

7 There is an error in Kurk et al. ( 2004b) in calculating the value 
of pV, which for their assumed cosmology should be 2.0 X 10 14 Mq, 
not 6.6 x 10 15 Mq. 



also offer the possibility of examining galaxy properties 
over the full dynamic range of environment, from proto- 
cluster to proto-void. 

4. SUMMARY AND DISCUSSION 

We have shown that the HS1700+643 field contains a 
highly significant over-density (<5 ~ 7 in redshift space) 
of galaxies at z = 2.300 ±0.015. A crude analysis 
of this structure indicates that it has a mass scale of 
~ 1.4 x 10 15 M Q and that it will become a rich cluster 
of galaxies by z ~ 0. While it is not the highest red- 
shift "proto-cluster" identified to date, its significance 
is more easily established because the redshift survey 
in which it was discovered provides the context neces- 
sary for estimating the associated matter over-density. 
The presence of the "proto-cluster" embedded within the 
redshift survey allows us to make the first direct assess- 
ment of the differences in galaxy properties as a function 
of environment at high redshift, using mid-IR observa- 
tions from Spitzer/TRAC together with extensive ground- 
based data. Galaxies within the proto-cluster have mean 
inferred stellar masses a factor of ~ 2 times higher and 
mean inferred ages ~ 2 times older than similarly-UV- 
selected galaxies in the "field" . This lends support to a 
simple theoretical picture in which the main difference 
between dense environments and the "field" is an earlier 
virialization time and hence a larger stellar mass fraction 
at a given cosmic time. 

The differences in inferred age between the proto- 
cluster and "field" environment, while highly significant 
at z — 2.30, would be relatively subtle by z ~ 0, where 
(average) age differences of ;$ 1 Gyr relative to ages in 
the range 11 — 12 Gyr would probably be "in the noise" of 
spectroscopic or ph otometric age dat ing for local early- 
type galaxies fe.g.. iHogg et alJ l20041. Another compli- 
cation in comparing the high redshift results with local 
ones is that even galaxies inhabiting environments that 
we call the "field" at z = 2.30 may have descendants that 
find themselves in relatively dense en vironments (even if 
they are not in clusters) by z ~ fe.g-. lBaugh et al.ll998t 
lAdelberger et alJl2004ajk here it would be important to 
quantify the local density for "field" ellipticals in order 
to reconcile the high-redshift results with those based on 
the "fossil record" . It would require a substantial leap of 
faith to connect the z ~ 2.3 galaxies with lower-redshift 
descendants of a particular morphology (e.g., "early type 
galaxies"); however, the ages and stellar masses of the 
UV-selected denizens of the HS1700+643 protocluster 
seem consistent both with expectations based on the em- 
pirical fossil record and with the generic expectations of 
hierarchical structure formation. 

The results presented above show that, at least at 
z 2, a significant fraction of objects destined for rich 
cluster environments are still forming stars, and that 
selection in the rest- UV, which is largely independent of 
past star formation QShaplev et alJ l2005). is an effective 
and efficient means of assembling samples of galaxies 
that allow quantitative assessment of the dependence of 
galaxy properties on environment. Structures like the 
z = 2.300 proto-cluster in the HS1700+643 field offer 
many opportunities for focused follow-up observations 
aimed at better understanding the physics of galaxy 
formation within cluster environments; in particular, 
z = 2.300 is a redshift at which both narrow-band 
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Lyman a (observed wavelength of 4012 A) and Ha 
(2.166/im) are easily accessible from the ground, where a 
combination of rest-frame optical and rest-frame far-UV 
spectroscopy offers a wealth of information on the 
kinematics, chemistry, and stellar populations of cluster 
galaxies in the pre-cluster environment, and where the 
impact of galaxy formation on the proto-intracluster 
medium may be measured. The results of such ongoing 
follow-up studies will be presented elsewhere. 

We are indebted to the IRAC instrument team, partic- 



ularly Pauline Barmby, Giovanni Fazio, Jiasheng Huang, 
and Peter Eisenhardt, for obtaining and reducing the 
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lowing us early access to the data. We thank the ref- 
eree, Paul Francis, for a constructive review of the orig- 
inal version of the paper. CCS, DKE, and NAR have 
been supported by grant AST03-07263 from the US Na- 
tional Science Foundation and by the David and Lucile 
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